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Introduction

Improved performance of turbojet and turbofan engines is
typically accompanied by increased cycle pressure ratio and
combustor-exit gas temperature. Gas pressure levels of 350 to
450 psia and gas temperatures of 2500 °F exist in some current
operational engines, while pressure levels up to 600 psia with
temperatures of 2800 °F are anticipated in advanced commer-
cial engines. Pressures and temperatures for military applica-
tion engines could be even higher. The continuing increases in
turbine-entry gas pressure and temperature of the modern gas-
turbine engine and its high development cost put a premiumon
an accurate, initial, aerothermal design of the turbine hot-
section hardware. It is also vital that an interdisciplinary
approach to engine design be taken.

The design goals for commercial jet engines include high
cycle efficiency, increased durability of the hot-section
components (lower maintenance costs), and lower operating
costs. These goals are contradictory in that high cycle effi-
ciency requires minimizing the cooling-air requirements and
increasing temperature and pressure, while increased durabil-
ity requires metal temperatures and temperature gradients to
be minimized. An optimum design can only be realized through
an improved understanding of the flow field and the heat-
transfer process in the turbine gas path and the structural
response of the component to the applied loads.

Sophisticated computer design codes are being developed
which have the potential of providing the designer with
significantly better initial estimates of the flow field and heat
load on the hot-section components. These codes are generally
evaluated and verified through low temperature and pressure
research in cascades and tunnels. However, by design, these
facilities do not model all of the processes that exist in a real
engine environment. Therefore, the ability of the design codes
to predict the interaction of the various parameters can not be
fully evaluated.

The Turbine Hot Section Facility at the NASA Lewis
Research Center provides a “real engine” environment with
known boundary conditions. Experimental data at high tem-
perature and pressure conditions can be obtained to verify
aerothermal performance prediction codes and to evaluate
thermal scaling techniques.

Much of the data reported herein has been reported in other
publications (refs. 1 to 5). The purpose of this report is to
summarize the relevant research data obtained in the Turbine

Hot Section Facility and to make the data base available for
further analysis.

The facility, configured as an annular cascade for the initial
research testing and rig qualification, is capable of providing
test conditions up to 2500 °F and 270 psia. This corresponds
to a vane-exit Reynolds number range of one-half million to
three million. The component cooling air can be independently
modulated between 150 and 800 °F, thus providing gas-to-
coolant temperature ratios corresponding to current engine
applications. Two types of experiments are reported: Full-
Coverage-Film-Cooled (FCFC) experiments and Special
Instrumentation experiments.

Symbols

C chord length

p specific heat

f frequency, Fourier components
8¢ gravity constant

h heat transfer coefficient

k thermal conductivity

L pressure or suction surface length
P pressure

q heat flux

R gas constant

Re Reynolds number

radial position

temperature

blade velocity

velocity

relative velocity

mass flow rate

total distance around airfoil

distance along airfoil

specific heat ratio

film cooling effectiveness, combustor efficiency

temperature difference ratio
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viscosity



p density
4] overall cooling effectiveness

Subscripts:

aw adiabatic wall
c coolant
cal calculated

ci coolant inlet

cr critical

4 8as

ge effective gas

i inner radius (hub)
in inlet

meas measured
o outer radius (tip)
ref reference temperature
theo theoretical
w wall
wo outer wall
combustor exit station
5 vane row exit station

blade row exit station

Superscripts:

average
total

Facility
General Description

The physical layout of the Hot Section Facility (HSF) is
shown in the perspective view in figure 1(a). This facility is
unique because of its fully automated control of the research
rig through an integrated system of minicomputers and pro-
grammable controllers. The major components of this facility,
and how they interface to provide a realistic engine environ-
ment, are shown in the flow diagram in figure 1(b). This
facility is discussed in more detail in references 1 and 2.

The main air supply system provides air at 150 psia to a
nonvitiated preheater. The preheater modulates the air
temperature between ambient and 500 °F. Through a set of
routing valves, two modes of operation can be selected. The
compressor bypass mode can provide air to the test rig at
150 psia (10 atm) and up to 500 °F. The compressor mode can
provide air to the research rig up to 300 psia (20 atm) and at
temperatures up to 850 °F when the heat of compression is
utilized.

There are two independent test stands in the Hot Section
Facility: a turbine rig (called the Turbine Hot Section Facility)
and a combustor rig. The combustor rig is used to develop and
document the combustor exit temperature profile and its
efficiency as a heat source for the turbine rig. Three pairs of
instrumentation rakes (temperature, pressure, and exhaust
products), located at the exit of the combustor, are used to
document the circumferential and radial profiles and to pro-
vide a known input profile for the vane row.

Turbine Rig Configuration

Across section of the Turbine Hot Section Facility is shown
in figure 2. The major components consist of a heat source
(combustor), the full annular vane row (cascade), an exhaust
duct line, a quench system (to lower the temperature of the
exhaust gas), and the vacuum exhaust system. Note that the
turbine rotor blades are removed for these tests.

The 20-inch-tip-diameter vane row consists of 36 stator
vanes that are separated into two groups: 10 test vanes and 26
slave vanes. The test-vane and slave-vane cooling air is
supplied from two separate manifolds, with the flow rates to
each manifold independently controlled. The cavity directly
over the vane row feeds cooling air to the slave vanes, while
a separate manifold (downstream of the stator row) feeds
cooling air to the test vanes. Individual supply tubes then feed
cooling air to each test vane.

Experimental Stator Vanes

Two types of stator vane configurations are tested in these
experiments: a Full-Coverage-Film-Cooled (FCFC) vane set
and a specially instrumented vane set. Each is described in the
following sections. ' ‘

The vane-row hub and tip diameters are 17 and 20 inches,
respectively. Both the vane height and the vane axial chord are
1.5 inches. More detailed geometric data are given in table 1
and reference 6.

FCFC Experiments

Vane description. — A typical FCFC test vane and slave
vane are shown in figure 3(a). The test vane shown in the
figure is in its finished form, while the slave vane is shown in
a partially finished form. The full-coverage film-cooled vane
has an impingement insert to augment the coolant-side heat
transfer.

The stator case for the FCFC vanes is shown partially
assembled in figure 3(b). The 10 test vanes and some instru-
mentation leads are clearly shown. A detailed airflow calibra-
tion of each test vane is performed before installation in the
stator case. This information is used to select the 10 test vanes
with similar flow characteristics and to provide. “pressure
loss” coefficients for a computer code.



Instrumentation. — A summary of the turbine rig research
instrumentation is shown on figure 4(a). Gas-path conditions
(e.g., temperature and pressure) are monitored and recorded at
axial stations 4, 5, and 6. Three radially traversing probes are
mounted at stations 4 (combustor exit) and 6 (rotor exit, when
it is installed). Radial gas-path surveys of both temperature
and pressure are recorded from vane hub to vane tip.

Station 4 can also utilize an optical probe for infrared
photography for surface-temperature mapping of the vanes.
The infrared data-recording and data-reduction procedures
are discussed in reference 7. An example of the thermal image
mapping was reported in reference 1.

Cooling air flow to each of the cooled components is
weight-flow controlled and measured by venturis in each of
the supply lines. Both cooling-air temperatures and pressures
are measured in the internal manifolds of each cooling-air
system. The vanes have thermocouples and pressure-sensing
tubes to measure gas-stream conditions, gas-side metal tempera-
tures, and cooling-air-side pressures and temperatures.

Research instrumentation for the FCFC vane is primarily
for the conventional steady-state pressure and temperature
measurements. In addition to the conventional transducer-per-
channel pressure measurement, the HSF uses a pressure-
measuring system that can multiplex the pneumatic signals.
This system uses a single transducer to measure 48 pressure
channels. Six of the pressure channels are used for calibration.
The turbine rig has three of these systems providing 126
pressure measurements.

A cross-sectional schematic of the FCFC vane airfoil is
shown in figure 4(b). Also shown is a composite summary of
instrument sensor locations on the airfoil. The locations shown
represent either metal-temperature or static-pressure mea-
surements. Because each airfoil could accommodate only a
limited number of instrument grooves, the temperature or
pressure distributions reported are composed of measure-
ments from several airfoils in the test-vane sector of the
annulus.

Special Instrumentation Experiments

Vane description. —This vane has the same physical
dimensions as those of the FCFC vane. However, this vane is
a hollow shell without film cooling and without an internal
insert to augment the coolant-side heat transfer. Cooling air is
supplied to the vane through the vane tip and exhausted into a
plenum at the vane hub. Because the leading- and trailing-
edge regions are undercooled, the combustor-exit gas tem-
perature is restricted for these tests to maintain reasonable
airfoil metal temperatures. .

Instrumentation. — Both steady-state and transient tests
are conducted on these vanes. For the transient tests, the
primary instrumentation includes a dual-element, fast-response
gas-temperature probe (fig. 5) and thin-film thermocouples
(fig. 6) to measure airfoil surface temperature and heat flux. A

schematic of the thin-film thermocouple layout is shown in
figure 7. Tests performed to determine the local heat-transfer
coefficients are reported in reference 4 in more detail.

Instrumentation for the steady-state tests consists of heat-
flux gages (fig. 8) and a complement of gas-path temperature
and pressure sensors, as well as airfoil temperature and pres-
sure sensors, for monitoring the test conditions. Two types of
heat-flux gages are used: the Gardon type and the paired-
thermocouple type. Four Gardon-type gages are installed on
the pressure surfaces of two airfoils, and four paired-
thermocouple type gage are installed on the pressure surfaces
of two other airfoils. These instrumented airfoils are located
within the circumferential sector between 255° and 285°. The
gages are installed and calibrated (fig. 9) by the procedure
outlined in reference 8.

Experimental Procedure

The test facility can be run at two operating pressures:
150 psia (10 atm) and 300 psia (20 atm). At each pressure, the
turbine rig can be operated with the combustor either in the
burning mode (with combustion) or in the non-burning mode
(isothermal). The research objectives are to investigate the
aerothermal performance of the annular vane row and the
performance of various instrumentation concepts over a range
of Reynolds numbers, temperatures, and pressures.

Only steady-state tests are conducted for the FCFC vanes.
The steady-state experiments use only the burning mode of
operation, with pressures at 150 and 300 psia. The various
operating modes of a series of steady-state tests with the FCFC
vanes are shown in figure 10 and table 11. Both transient and
steady-state experiments are conducted for the specially in-
strumented vanes. Transient tests with these vanes are reported
in reference 4. The various operating modes of these tests are
shown in figure 10 and table 111,

The gas conditions are established by setting the combustor
inlet and total pressure, the vane-exit outer-radius static pres-
sure, and the combustor fuel/air ratio through predetermined
input values stored in the operations computer. The coolant
flow rate and temperature are varied systematically at fixed
gas conditions, either through predetermined input values to
the computer, or by manually inputting values to the computer
during the test.

Data Acquisition

Facility operation and data acquisition are fully automated
through an integrated digital computer system called the
Digital Control Center (DCC). The four minicomputers in the
DCC are interconnected. However, each computer has a
dedicated primary task and is labeled accordingly (e.g., input,
control, operations, and research). The main task of the research



computer is to gather large volumes of research data and
convert them into engineering units. These research data are
also fed into a large mainframe computer where more complex
calculations and graphics operations are performed. A more
detailed description of the Digital Control Center is given in
reference 1.

Analytical Procedures and
Data Reduction

Gas-Side Heat-Transfer Coefficient

STANS calculations.— The injection of film-cooling air
through the film-cooling holes protects the vane surface from
the hot gases flowing across the vane. However, the injection
of cooling air disturbs the boundary layer and strongly influ-
ences the heat-transfer process on the vane surface. Heat
transfer in the presence of film-cooling is complex and is
affected by many factors, such as the hydrodynamic and
thermal characteristics of the injected air and the mainstream
gas, the thermal boundary conditions, and the film-cooling
hole geometry.

For the FCFC vanes, reference 3 used two methods to
calculated the heat-transfer coefficient. Method 1 defines the
heat flux by means of a conventional convective heat-transfer
coefficient and an adiabatic wall temperature:

qzhg(Taw—Two) 6))

where the adiabatic wall temperature 7,,, is defined by a film-
cooling effectiveness equation

N =(Tge = Taw)[{Tge = ) &)

where T, is the effective gas temperature based on the
recovery velocity of the gas stream. The effects of cooling air
injection, airfoil geometry, boundary conditions, and other
phenomena are incorporated in the “film-cooling effectiveness”
term 1. '

Method 1 uses the STANS boundary-layer code to calcu-
late the “unblown” heat-transfer coefficient on the airfoil.
Details of the film-cooling effectiveness correlation, as well
as the additive effects of multi-row film-cooling, are given in
reference 3. The “unblown” heat-transfer coefficients, as
calculated in reference 3, are shown in figure 11.

The gas-side heat-transfer coefficients for the FCFC vanes,
obtained by method 2, as presented in reference 3, are shown
in figure 12. Here the effect of film cooling is incorporated in
the heat-transfer coefficient. Heat flux is defined by the
following equation derived in reference 9:

q= hg(e)(Tge - Tw) 3)

where the dimensionless temperature parameter is defined as

6=(Tgc_Tc)/(Tgc"Tw) (4)

Through linear superposition arguments, the value of the
heat-transfer coefficient at any value of © can be determined
once the values at © =0 and © = 1 are known.

hy(8) = hg(0) - 6 hy(0) - iy (1)] (5)

The STANCOOL boundary-layer code (STANS with the
film-cooling option) was used to calculate the values of he(0)
and hg(1). Details of the computation are given in reference 3.

Experimentaldatareduction. — Experimental heat-transfer
coefficients are obtained from the Gardon gages and the
paired-thermocouple gages by the following method:

h=q/(Ty~Tr) (6)

where the heat flux, g, is determined from the gage calibration,
Tct is the gage reference temperature, and T is the computed
mean radius total gas temperature.

Reference 4 also uses thin-film thermocouples and the
dual-element gas-temperature probe to determine experimen-
tally the gas-side heat-transfer coefficients. By assuming a
semi-infinite solid and periodically varying boundary condi-
tions, the heat transfer coefficients can be related to the
amplitude ratio of the Fourier components of the surface
temperature and the gas temperature by the approximation

T 1Ty(f) = hg 1 (2fpe,b) (7)

The ratio T,(f)/Tg(f) is determined by computing the
transfer function between the time-resolved wall temperature
and the gas temperature. ’

Gas Temperature Profile

The radial profile of the combustor exit gas total tempera-
ture is obtained by averaging temperatures from two travers-
ing probes. A third traversing probe is used to measure gas
total pressure. The probes are located one vane chord in front
of the vane row at station 4 (combustor exit). Data are taken in
five radial steps from vane hub to tip. An average radial total-
temperature profile and an overall average gas total tempera-
ture are determined from these measurements. The average
gas temperature, as obtained from two traversing probes, is
not representative of the true combustor exit temperature,
since two radial profiles from the circumference are not
sufficient to define the actual total temperature. To alleviate



this problem, a theoretical gas temperature T theos is calcu-
lated on the basis of fuel/air ratio, combustion-air inlet tem-
perature, measured total and static pressures, and fuel enthalpy
(ref. 10). A combustor efficiency is then applied to the theo-
retical temperature to obtain the true combustor-exit total
temperature. The combustor efficiency is obtained from a set
of curves generated from experiments on a similar and exten-
sively instrumented combustor in the combustor rig (ref. 11).

The calculated combustor-exit total temperature, which
takes into account the combustor efficiency, takes the follow-
ing form:

fg’,cal = n(T‘g’,theo - 7—‘"’1 ) + 7_;;1 ®)

where 1 is the combustor efficiency.

A radial profile is imposed on the calculated total tempera-
ture by using the ratio of the measured radial temperature to
the measured and averaged total temperature.

7T’(")g.cal = [(Tg,cal )/(fg’,mcas)]Tl(r)g.meas 9

A single traversing probe is installed at the vane exit station
(station 5). Unfortunately, this measurement is somewhat
unreliable because the traversing probe is occasionally over-
extended, such that the final probe position (of five radial
positions) extends into a cavity in the vane shroud, away from
the mainstream gas. A pseudomeasured vane exit tempera-
ture, based on the measured temperature at station 6 (further
downstream), but adjusted for the difference in the amount of
coolant at these stations, is used for station 5.

Cooling Effectiveness

The cooling effectiveness, ¢, is used to compare the vane
performance and thermal scaling at various combustor exit
temperatures, coolant flow rates, Mach numbers, and Reynolds
numbers. The local cooling effectiveness, ¢ jocal, is defined as

Procal = [T’(r)g.cal — Ty local ]/[T’(")g,cal - Tci] (10)

where T, jocal Tefers to the local metal temperature on the
test-vane surface, and T'(r)gca is the calculated total gas
temperature at a specific radial location. An average cooling

effectiveness ¢ is also calculated, by using an averaged metal

temperature 7,, for the vane in place of Ty, jocal- The term T,
is defined as

i=13

T. = Z[T(i)w +T(i - 1), |[x() - x(@ - D)2X  (11)

i=2

where () is an index which refers to a specific temperature
measurement point on the vane surface, x is the distance along

the vane surface measured from the leading-edge stagnation
point, and X is the sum of distances between the measurement
points.

The coolant-to-gas flow ratio is calculated as follows:

w, / wg = 3.6 X[test vane coolant flow / total primary flow]

where the total primary flow includes the core flow plus all
coolant bleed flows. The factor 3.6 is required because the
test-vane coolant flow is fed to only 10 of the 36 total vanes.

Reynolds Number

The exit-gas Reynolds number is based on the vane-row-
inlet total temperature and pressure, the vane-row-exit static
pressure, and the vane true chord length. The gas properties
are based on the exit-gas static temperature, derived from the
exit-static- to inlet-total-pressure ratio.

Re =[(oV);C] (12)

where
()5 = (s /2) @7 =) e/ (AT, )]

x[l—(f’s/m)"“)”]}o's (13)

Critical Velocity Ratio

The exit critical velocity ratio, like the Reynolds number,
is based on the vane row exit static pressure and the vane row
inlet total pressure.

(VIVy)s= {(7+1)/(7— 1)[1 —(1’5/1%)(7")/7}}0'5 14)

Results and Discussion

The data from the FCFC experiments and the Special
Instrumentation experiments are presented, and some typical
results are discussed. Boundary conditions, acrodynamic per-
formance, thermal scaling, and heat-transfer coefficients
obtained from these experiments are discussed. Figure 10
shows a plot of the simulated engine operating characteristics
of the Turbine Hot Section Facility at various Reynolds

-numbers and heat fluxes, and generally represents the condi-

tions of the experiments reported herein.

Boundary Conditions

The mainstream gas conditions at the combustor exit and
the stator exit for the FCFC experiments and the Special



Instrumentation experiments are listed in tables IT and III,
respectively. These conditions are important to the evaluation
of these research results and for comparison of the perfor-
mance at various operating conditions to the design values.
Detailed local measurements of each experimental test are
_given in tables IV and V for the FCFC experiments and the
Special Instrumentation experiments, respectively.

Gas temperature. — The mainstream gas-temperature pro-
file for the FCFC vane tests and the Special Instrumentation
vane tests are essentially the same for the same operating
conditions. A discussion for one series of experiments would

. be equally applicable to the other series of experiments.

. Figure 13, reproduced from reference 1, shows a typical
mainstream gas-temperature profile at the combustor exit.

Measured temperature data from these tests are compared to

the unpublished results obtained from tests of a research

combustor of the same design in the combustor rig of the Hot

Section Facility. The research combustor test data are obtained
from a complete circumferential and radial survey of the gas
temperature at the combustor exit plane (ref. 11). Figure 13(a)
shows the circumferentially averaged radial temperature pro-
file and the maximum temperature profile obtained from the
research combustor. Also shown in the figure are the measured
temperature profiles from two traversing temperature-
measurement probes located at the combustor exit (station 4)
plane of this cascade. A calculated temperature, based on
combustor efficiency and a theoretical gas temperature
(eg. (8)), is also shown as a dashed line. The theoretical gas
temperature is obtained from thermodynamic considerations
of the fuel properties, combustion air inlet temperature, and
the fuel-air ratio. The calculated temperature for these tests
appears to correspond to that obtained from the research
combustor measurements. :

The maximum gas temperature variation from the average
gas temperature is represented by the “pattern factor,” PF,
defined as

PF=(Tpox ~T) [ (T~ Tin) (15)

The pattern factor for the research combustor is approximately
0.35. The local pattern factor distribution, as shown in figure
13(b), is relatively uniform. The local hot spots occur in three
small discrete locations.

Gas pressure.—The combustor exit pressure for these
experiments, as measured by the traversing probes, is essen-
tially constant. The static pressures, measured at the inner and
outer radii of the vane-row inlet, are also constant, indicating
that the vane-row-inlet critical velocity ratio is constant at the
nominal design value of 0.23.

The vane row exit (station 5) total pressure cannot be
measured accurately, because the probes used herein are not
designed for the large tangential velocity component at the
stator exit. However, based on the vane-row-exit static pres-
sure measured at the outer radius and the total pressure at

station 4 (assuming negligible total-pressure loss through the
annular vane row), the critical velocity ratio compared well
with the design value of 0.728. Similarly, the critical velocity
ratio at the inner radius compared well with the design value
of 0.834. The design velocity triangles for these airfoils are
shown in figure 14.

Aerodynamic Performance

FCFC vane.—The aerodynamic performance of these
vanes is characterized by the surface static-pressure distribu-
tion, as shown in figure 15. Data are plotted at three different
exit critical-velocity ratios (design, less than design, and
greater than design). Also shown is the unblown design
pressure distribution calculated by using the QUASI-3D
PANEL Code (ref. 12). The pressure distribution on the
pressure surface compares favorably with the design values.
However, the pressure distribution on the suction surface
trailing edge is about 7 percent higher than the design values.
This would indicate that the gas stream is not accelerated to the
desired velocity with substantial quantities of film cooling.

Special Instrumentation vane. — The surface pressure dis-
tribution for this vane is shown in figure 16. In general, this
pressure distribution exhibited the'same characteristics as that
of the FCFC vane. However, the suction-surface pressure
distribution does compare more favorably with the calculated
design values, which further highlights the effects of film
cooling mentioned in the previous section.

Thermal Scaling

Reference 1 discussed the frequently used practice of
testing of turbine components at reduced temperature and
pressure in cascades and tunnels, and the concern for the
validity of these tests. The concern is whether the thermal
scaling laws are sufficiently applicable between the lower
temperature experiments and the actual engine conditions.
The thermal scaling laws are evaluated in the turbine rig over
a wide range of temperatures and pressures, in both the non-
burning (isothermal) and the burning modes of operation, at
constant Reynolds number and Mach number. Figure 17,
taken from reference 1, shows the midspan, averaged cooling

effectiveness parameter, ¢, for the FCFC vane, plotted as a

function of the coolant-to-gas flow ratio. The gas total tem-
perature used in the cooling-effectiveness calculation is the
mean-radius value obtained from equation (9).

Figure 17(a) shows the cooling effectiveness parameter at
two different gas total temperatures, for the burning mode of
operation, at a constant Reynolds number of 0.5x10°. The
trend shown by these data is that the higher gas temperature
produces a slightly lower cooling effectiveness. This trend is
continued in figure 17(b), plotted at a Reynolds number of
1.25X105. Here, four sets of data, with gas temperatures
ranging from 450 °F (non-burning) to 2250 °F (burning), are
shown. These four sets of data exhibit similar trends of slightly



lower cooling effectiveness at higher gas temperatures (engine
conditions) than at lower gas temperatures. The difference in
the cooling-effectiveness values is only about 0.02 at a coolant-
to gas-flow ratio of 0.11. Reference 1 indicated that even
though the difference is small, this difference could not be
accounted for by experimental error. In fact, error analysis
indicated that experimental error would not reverse the data
trend shown, but would enhance the difference.

Reference 13 predicts an increase of up to 0.04 in cooling
effectiveness from engine conditions to lower temperature
cascade test conditions. This phenomenon is shown to be the
result of the inability to thermally scale the thermal conduc-
tivity of the material. It can be concluded that the low-
temperature turbine rig tests are somewhat optimistic in pre-
dicting cooling effectiveness for engine operating conditions.

Figure 17(c) shows the cooling effectiveness at a Reynolds
number of 2.5X10°. The observation here is that the cooling
effectiveness, even at a higher Reynolds number, and there-
fore at a higher heat flux, is not affected. This is shown more
graphically in figure 17(d), which compares the cooling effec-
tiveness at constant gas total temperature for three different
Reynolds numbers (Re = 0.5X 109, 1.25%x 108, and 1.9X 106).
Assuming that the heat flux is proportional to (Re)o's, the data
in figure 17(d) represent a range of heat flux of 2.9 to 1. The
good agreement of these data indicates that the flow regime is
the same, and that the cooling effectiveness is independent of
the level of heat flux.

Because the Special Instrumentation vane does not contain
an internal insert to enhance cooling, the cooling effectiveness
is not meaningful, and therefore is not discussed here.

Heat-Transfer Coefficient

Measured heat-transfer coefficients are shown in figures
18 and 19 for the suction and pressure surfaces, respectively,
of the Special Instrumentation vanes and are compared with
those predicted by the STANS boundary-layer code. Included
are results from thin-film thermocouples, Gardon-type gages,
and paired thermocouples.

The heat-transfer coefficients deduced by the thin-film
thermocouples on the suction surface (fig. 18) generally
compare well with those predicted for each Reynolds number
condition. The exception is the furthest downstream measure-
ment, which consistently indicates values higher than predicted.

Both steady-state and thin-film-gage data are shown in
figure 19 for the pressure surface. The steady-state data
compare favorably with the STANS calculations at the three
Reynolds numbers. In addition, the thin-film-gage data com-

-pare well in trend but differ in magnitude at the low Reynolds
number. These data are discussed in more detail in references
4 and 5. In general, the thin-film gages are shown to be an
acceptable method of measuring heat flux in a high-
temperature, hostile environment.

Concluding Remarks

Experimental data from the Turbine Hot Section Facility
are presented and discussed. These data include full-coverage
film-cooled airfoil results as well as special instrumentation
results. The data from these experiments are of an acceptable
quality and accuracy such that comparisons with analyses can
be made for calibration purposes.

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio March 5, 1992
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TABLE I. — HSF STATOR VANE GEOMETRY
[NUMBER OF VANES, 36.]

HEIGHT, IN. . i 1.5
AXIAL CHORD, IN. .. e 1.5
ACTUALCHORD, IN. ... e e 2.186
ASPECT RATIO ...t e e e 1.00
AXIAL SOLIDITY L. i e 0.929
LEADING-EDGERADIUS, IN. ....... ... ... i, 0.200
TRAILING-EDGE RADIUS, IN. ........ ... . i 0.035

MEANDIAMETER, IN. ... ... i i e 18.5
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HIGH-PRESSURE AIR SYSTEM

CONTROL ROOM

TURBINE RIG —/ i ‘ N
=i
lt'.'"

& (D-11828-11

COMBUSTOR RIG

(a) Perspective view.

AMBIENT ' '
10 atm 70 550 °F 10 atm/550 °F | |
&cwasssoa COMPRESSOR| | &. FULL | | maIN AR
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|
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(b) Flow schematic.
Figure 1.—Hot Section Facility.
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Figure 2.—Schematic cross-section of the turbine rig showing the combustor and the vane row. (Note the turbine disk

in place with the blades removed.)
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(b) Partial assembly of FGFC stator case showing test vane sector.

Figure 3.—Full coverage film cooled (FCFC) vanes for the turbine rig.
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(b) Full coverage film cooled stator vane airfoil cross section showing typical sensor
locations. (Dashed lines denote film-cooling holes.)

Figure 4.—Turbine rig research instrumentation.
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Figure 5—Dual-element gas temperature probe.

E C-84.6162

Figure 6.—Typical thin-film thermocouple installation on an airfoil pressure surface. Lead wires have not been

attached.
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Figure 7.—Thin-film thermocouple distribution on vanes.
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Figure 8.—Schematic of paired-thermocoupled heat-flux sensor used in turbine rig. (Wires 1 and 3 measure
sensor output; wires 1 and 2 measure reference temperature.)
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Figure 9.—Calibration data for paired-thermocouple heat-flux sensors installed in vanes for turbine rig.
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Figure 10.—Turbine rig simulation of real engine operating conditions. Reynolds number is based on vane exit conditions and th
vane chord. )
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HEAT-TRANSFER COEFFICIENT, BTUHR/FT2/°F
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Figure 11.—Unblown heat-transfer coefficients for method 1 calculated by the STANS boundary-layer code.
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Figure 12.—Film-cooled heal-transfer coefficients for method 2 calculated by the STANCOOL
boundary-layer code.
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(b) Circumferential distribution of local pattern factor from combustor
development tests. Conditions similar to case 11. The hot spots are
highlighted.

Figure 13.—Typical gas total temperature profile at station 4 (combustor exit).
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Figure 14.—Turbine design velocity diagram.
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Figure 15.—Surface static-to-total pressure distribution variation with exit critical
velocity ratio. Reynolds number, Re, 1.90x108,
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Figure 16.—Surface static-to-total pressure distribution variation with Reynolds number.
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Figure 17.—Thermal scaling results from the full coverage film cooled vane tests.
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Figure 18.—Experimental heat-transfer coefficients compared with STANS code Figure 19.—Experimental heat-transfer coefficients compared with STANS code
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